Abstract Tumorigenesis is a multi-step process due to an accumulation of genetic mutations in multiple genes in diverse pathways which ultimately lead to loss of control over cell growth. It is well known that inheritance of rare germline mutations in genes involved in tumorigenesis pathways confer high lifetime risk of neoplasia in affected individuals. Furthermore, a substantial number of multiple malformation syndromes include cancer susceptibility in their phenotype. Studies of the mechanisms underlying these inherited syndromes have added to the understanding of both normal development and the pathophysiology of carcinogenesis. Myotonic dystrophy (DM) represents a group of autosomal dominant, multisystemic diseases that share the clinical features of myotonia, muscle weakness, and early-onset cataracts. Myotonic dystrophy type 1 (DM1) and myotonic dystrophy type 2 (DM2) result from unstable nucleotide repeat expansions in their respective genes. There have been multiple reports of tumors in individuals with DM, most commonly benign calcifying cutaneous tumors known as pilomatricomas. We provide a summary of the tumors reported in DM and a hypothesis for a possible mechanism of tumorigenesis. We hope to stimulate further study into the potential role of DM genes in tumorigenesis, and help define DM pathogenesis, and facilitate developing novel treatment modalities.
Introduction
Myotonic dystrophy (DM) is the most common adult muscular dystrophy, and is primarily associated with myotonia and muscle weakness. However, a broad range of clinical features are variably seen including early-onset cataracts, cardiac conduction defects, respiratory insufficiency, insulin-resistance, reduced immunoglobulin levels, frontal balding, testicular atrophy, and varying degrees of mental impairment. Both myotonic dystrophy type-1 (DM1) and myotonic dystrophy type-2 (DM2) result from unstable repeat expansions in untranslated regions of two unrelated genes, and yet both have similar clinical manifestations. In 1992, it was determined that myotonic dystrophy of Steinert, now classified as DM1, was due to an unstable trinucleotide (CTG) expansion in the 3 0 untranslated region of the dystrophia myotonica-protein kinase (DMPK) gene, located on chromosome 19q13.3 [1] . The availability of DNA testing for this gene revealed that a subset of DM patients who had myotonia, weakness more proximal than distal, and cataracts, lacked CTG expansion in DMPK. Many of these families, which were subsequently classified as proximal myotonic myopathy, had a single disorder resulting from an unstable tetranucleotide (CCTG) repeat expansion in intron 1 of the zinc finger 9 (ZNF9) gene, on chromosome 3q21; this is now classified as DM2 [2] . The prevalence of DM1 is approximately 1:8,000. However, the prevalence of DM2 has yet to be determined, but it appears to be less common than DM1, with evidence that there may be a predominant northern European ancestry in families with DM2 [1] . Unfortunately, the molecular basis for the genetic instability and the exact mechanism of pathogenesis of DM remain unclear.
There are multiple case reports describing DM patients with pilomatricoma, a benign calcifying cutaneous neoplasm thought to be derived from hair matrix cells. In reflecting on our clinical experience caring for large numbers of DM patients, we have questioned whether there might be an increased incidence of other tumors in patients with DM. Furthermore, in the limited number of tumors that have been studied in DM patients, increased trinucleotide repeat expansion in the DM1 has been demonstrated, suggesting that somehow this underlying genetic instability may predispose these patients to developing tumors; no DM2 tumors have been studied [3] [4] [5] [6] [7] .
There is some urgency to this question because several growth hormones and other anabolic factors have been proposed to treat the muscle weakness and wasting associated with DM. Using these anabolic agents shows promising results both in vivo and in vitro, but more research is needed regarding their potential therapeutic and adverse effects [8, 9] . The Neuromuscular Disease Center at the University of Rochester is currently conducting a treatment trial in DM patients, to determine the safety and feasibility of using insulin-like growth (IGF) factor 1 complexed to IGF binding protein 3 (IGFBP3) [IPLEX Ò , Insmed Incorporated, Richmond, VA, USA]. However, elevated serum levels of IGF-1 have been implicated in the etiology of several common adult neoplasms, most notably cancers of the breast, colon and prostate, leading to theoretical concerns that long-term treatment of DM patients with IGF-1 might promote tumor growth [10] . If IGF-1 or other growth factor therapies prove beneficial in DM, establishing whether myotonic dystrophy patients have an intrinsic susceptibility to specific neoplasms could influence how this treatment is used.
In this article, we provide a summary of published reports describing pilomatricomas and various other neoplasms observed in patients with DM. Any retrospective analysis of neoplasms in DM patients is constrained by the relatively recent advent of molecular diagnostic testing. Therefore, the existing literature primarily includes patients in whom the diagnosis was made on clinical grounds alone, who likely had the classical myotonic dystrophy of Steinert, DM1.
We also present an initial summary of tumors reported by DM1 and DM2 patients who enrolled in the NIH-funded National Registry of Myotonic Dystrophy and Facioscapulohumeral Muscular Dystrophy (FSHD) Patients and Family Members. Registry patients are classified by utilizing strict clinical definitions to distinguish between patients with DM1 and DM2 (www.dystrophyregistry.org), and a large proportion of the Registry patients have had DNA testing. In our comments, we offer a hypothesis for a molecular mechanism which might account both for the risk of pilomatricoma and, perhaps, other neoplasms in patients with DM.
Neoplasms in DM
Sporadic pilomatricomas are rare, benign epithelial tumors that usually present as solitary skin nodules measuring 0.5-6 cm. They are more common in females and typically occur in individuals under the age of 20. The prevalence of pilomatricomas in the general population is unclear; however, one study showed that they account for one of every 500 specimens submitted by dermatologists [11] . Multiple pilomatricomas in the same individual are even less common: in a study of 1,569 individuals with pilomatricomas, the incidence was 3.5% [12] . Common cutaneous sites of origin include the neck as well as frontal, temporal, periorbital, and periauricular skin of the head. Pilomatricomas may be clinically mistaken for epidermoid cysts or cutaneous malignancy [12, 13] . Several genetic disorders include multiple pilomatricomas as part of their phenotype, including Rubinstein-Taybi syndrome and Gardner syndrome both associated with a cancer predisposition [14, 15] . Multiple pilomatricomas have occurred in a few families in the absence of an identifiable underlying systemic disorder [16] . Pilomatrix carcinomas do occur, but are exceedingly rare [13] .
Cantwell and Reed first reported an association between DM and pilomatricoma in 1965 [17] . In our review of the literature (Table 1) , we have identified 35 published cases, with multiple pilomatricomas present in 31 (89%) individuals . In four families, multiple family members had both pilomatricoma and DM. There was also one report of a DM patient with a follicular cyst that had pilomatricoma-like changes, resembling lesions observed in Gardner syndrome. In DM-associated pilomatricoma, the scalp was the most common site of origin, with the upper extremities, face, neck, trunk, and groin less frequently involved.
In addition to pilomatricomas, a variety of benign and malignant neoplasms have been described in 47 DM patients. Table 2 summarizes forty-one reported cases. Table 1 includes six individuals with pilomatricoma who were also reported to have other tumors [17, 22, 24, 41, . Thymoma was the most commonly reported tumor (9 cases), followed by neoplasms of the parotid gland (6 pleomorphic adenomas), parathyroid (7 adenomas), and thyroid (1 adenoma, 2 colloid goiters, 5 thyroid cancers). Five patients developed multiple basal cell carcinomas. Two cases of gastric cancer, 2 insulinomas, and 2 pituitary tumors were reported. There were single cases of chronic [49] reported a 44 year old woman with DM and hyperparathyroidism, with no apparent parathyroid adenoma, who also had neurofibromatosis. She had several family members with neurofibromatosis, most of whom reportedly also had DM. There have been several similar case reports of families with both DM and neurofibromatosis, the latter characterized by multiple café-aulait spots and multiple cutaneous fibromas [73, 74] . Since these reports occurred prior to the availability of clinical genetic testing for either disorder, it is difficult to determine whether these were coincidental associations of the two diseases. Interestingly, neurofibromatosis is a complex neurocristopathy, a group of hereditary cancer syndromes which also includes the multiple endocrine neoplasias; the latter share many of the tumor features reported anecdotally in DM patients, including neoplasms of the pituitary, thyroid, and parathyroid glands, as well as insulinomas, and carcinoid tumors.
In 2001, NIH established a National Registry of DM and FSHD patients and family members, to facilitate research in these diseases by bringing affected persons and their relatives together with DM researchers. Patients complete a baseline medical history questionnaire at the time they enroll, and provide annual health updates. A preliminary assessment of the National Registry reveals that 53 of the first 441 DM patients enrolled reported having benign and/ or malignant tumors (Table 3) . Unfortunately, these were all self-reported neoplasms, and neither age at diagnosis nor pathologic confirmation was available. However, it can be assumed that they were diagnosed at some point prior to the age at which they completed the baseline questionnaire. Therefore, twenty-five individuals were diagnosed at or before age 50. The mean age at the time of questionnaire was 52.6 years, with a range from 18 to 75 years. Of note, sixteen DM patients reported a diagnosis of a ''skin tumor,'' including 4 with basal cell carcinoma and 2 with melanoma. Compared with the previously-published cases from the literature summarized above, Registry members reported 2 parotid tumors and 4 thyroid tumors, but no thymoma or parathyroid adenoma. One patient reported familial polyposis, which is a clinical feature of Gardner syndrome (a disorder also associated with multiple pilomatricomas).
Genetic instability and DM
The myotonic dystrophies are multisystem, autosomal dominant disorders. In most individuals, the presence of distal versus proximal muscular weakness allows for a clinical diagnosis of DM1 or DM2, respectively. However, the definitive diagnosis depends upon DNA testing. DM1 is associated with variable degrees of clinical severity among affected individuals even within the same family, as well as an earlier age-at-onset and an increase in the severity of disease through successive generations, a genetic phenomenon known as ''anticipation.'' The severity of symptoms and age-at-onset correlate positively with the length of the repeat expansion inherited by an affected individual [1, 2] . Somatic instability is also seen, with repeat size increasing with age, as well as at different rates in various tissues [75, 76] . In DM2, there has been no significant correlation identified between the age at disease onset and the length of the repeat expansion. However, DM2 does display intergenerational and somatic instability [77] . The underlying mechanisms for the repeat instability are unclear. Both genome replication and repair mechanisms, such as replication slippage, the direction of replication progression, DNA methylation, gap filling, mismatch repair, double strand break repair, and recombination may be involved. It is likely that multiple pathways at various stages of development and in different tissues contribute to repeat instability [78] [79] [80] .
Pathogenetics of DM
The mutation for DM1 lies within the non-coding region of DMPK, and several pathogenetic mechanisms have been proposed. Haploinsufficiency of the DMPK protein was initially suspected; the altered expression of neighboring genes due to DMPK-related CTG repeat expansion effects on chromatin restructuring has also been implicated in the pathogenesis of DM1. However, mouse models developed to test these hypotheses have failed to reproduce most of the symptoms that are seen in humans with DM1 [81, 82] . The identification of the gene responsible for DM2 has provided new insights into the molecular pathogenesis of the common features of these two disorders.
Neighboring genes near the DM2 locus bear no obvious functional relationship to those at the DM1 locus, making it difficult to explain how dysregulation of genes at these two loci could result in such a similar phenotype. Parallel studies in DM1 and DM2 have shown that the CTG expansions in DMPK (DM1) and the CCTG expansions in ZNF9 (DM2) are both transcribed into RNA, and actually do not alter the protein coding portion of their respective genes, but their mutant mRNA are sequestered in the nucleus and alter the function of RNA splicing factors, such as muscleblind (MBNL1) and the CUG-BP1 and ETR-3-like factors (CELF) family of RNA-binding proteins [83] . Altering the functional levels of these proteins in turn results in abnormal splicing and patterns for their various target mRNAs, including cardiac troponin T (cTNT), insulin receptor (IR), muscle chloride channel (ClC-1), and microtubule-associated tau with downstream effects producing characteristic clinical features of DM1 and DM2 [84] [85] [86] .
Hypothesis: tumorigenesis in DM
We suggest that DM patients may have a previouslyunrecognized susceptibility to an unusual spectrum of neoplasms as part of their disease-related phenotype. The tumor types implicated based on the descriptive data currently available include pilomatricomas; thymomas; adenomas of the parotid, pituitary, and parathyroid; insulinomas; thyroid tumors; and multiple basal cell carcinomas. Here, we hypothesize a potential pathway of tumorigenesis in DM based on these tumor types and other associated genetic disorders. Pilomatricoma is the most common neoplasm thus far described in DM patients. Benign pilomatricomas and pilomatrix carcinomas have been shown to contain somatic mutations in the gene encoding b-catenin, CTNNB1 [87] [88] [89] . Immunohistochemical analysis has demonstrated that these mutations result in nuclear accumulation of b-catenin, and transgenic mice expressing activating b-catenin mutations develop similar hair follicle tumors [90] . Furthermore, somatic mutations in salivary gland adenomas result in over-expression of the pleomorphic adenoma gene PLAG1, leading to upregulation of b-catenin expression [91] . Thyroid carcinomas, pituitary adenomas, basal cell carcinomas, and melanomas have also been shown to have aberrant accumulation of b-catenin [92] [93] [94] . However, many tumors accumulate b-catenin in the absence of mutations in CTNNB1, suggesting additional sources for aberrant b-catenin accumulation [95] .
As described above, Gardner syndrome (GS) and Rubinstein-Taybi syndrome (RTS) have been associated with an increased risk of pilomatricomas. GS is the association of familial adenomatous polyposis (FAP) with osteomas and soft tissue neoplasms including lipomas, epidermoid cysts, fibromas, desmoid tumors; it is caused by mutations in APC [96] . These individuals are also at risk of developing colorectal cancer, hepatoblastoma, duodenal carcinomas, stomach and pancreatic adenocarcinoma, and follicular and papillary thyroid carcinoma [97] . RTS is an autosomal dominant, multiple congenital anomaly syndrome in which various neoplasms have been reported, including medulloblastoma, neuroblastoma, oligodendroglioma, meningioma, rhabdomyosarcoma, pheochromocytoma, and leukemia [98] . Structural chromosomal abnormalities affecting 16p13.3 have been identified in some RTS patients [99] . Mutations in the CREB-binding protein gene located in this region are present in 56% of RTS patients, and a few patients have been shown to have mutations in the p300 gene, a transcriptional co-activator which binds to CREBBP [100] [101] [102] .
In GS, germline APC gene mutations result in a truncated APC protein. The native APC protein has multiple functional domains that interact with a variety of cytoplasmic proteins, including b-catenin. Inherited or somatic mutations in APC either remove or truncate its b-catenin regulatory domain. As shown in Fig. 1 , the APC/AXIN/ GSK3b/CKI/b-catenin complex is unable to phosphorylate b-catenin, leading to its accumulation in the nucleus. Accumulation of b-catenin allows it to complex with the transcription factor TCF-4, which activates downstream growth promoting genes including c-myc and cyclin D1 [95, 103, 104] . Mutations in CTNNB1 have also been seen in colorectal tumors expressing wild-type APC [105] . The CREBBP/p300 transcriptional co-activator complex associated with RTS has been shown to interact with b-catenin and activate transcription of downstream genes in mammalian cells [106] [107] [108] . Somatic mutations in both CREBBP and p300 have also been reported in various neoplasms [109] .
We hypothesize that tumor progression in DM also involves the upregulation of b-catenin via the Wnt signaling pathway, possibly via the actions of CUG-BP or MBNL. In human fibroblasts, CUG-BP1 has been shown to block calcireticulin-mediated repression of p21 translation [110] . Interestingly, increased expression of p21 is a somatic molecular characteristic of thymomas, one of the more commonly reported neoplasms in DM patients [111] . Furthermore, p21 plays a major role in oncogenesis, and has also been implicated in apoptosis, terminal differentiation, and replicative senescence via interactions with such well-known tumor suppressor genes as p53 and BRCA1, as well genes in the Wnt/b-catenin signaling pathway [112] [113] [114] .
Since none of the genetic mechanisms proposed thus far explain the pathogenesis of DM completely, it is possible that multiple mechanisms may contribute to the differing clinical features seen in DM1 and DM2, which may depend on temporal variations in gene expression and/or tissue specificity. The majority of tumors reported thus far in the literature and in the NIH Registry were seen in individuals with a diagnosis of DM1, which could be due to the less common occurrence of DM1. However, to the extent that haploinsufficiency at the DM1 locus may account for some portion of the DM1 phenotype, it is conceivable that loss of heterozygosity mutations in DMPK might increase the risk of cancer. The catalytic domains of a subfamily of serine/ threonine protein kinases in Drosophila melanogaster have shown homology to DMPK. The homozygous loss of one of these genes, the lats/warts gene, leads to excess growth and abnormalities of cell differentiation in Drosophila clones, suggesting that DMPK may function as a tumor suppressor gene within the Wnt/b-catenin signaling pathway [115] . Interestingly, in the limited number of instances in which DM1-related neoplasms have been studied, the tumors contained repeat expansions that were considerably longer than those assayed in non-neoplastic tissue from the same organ, or from the patient's skeletal muscle and/or leukocytes [3] [4] [5] [6] [7] . It is uncertain whether this repeat expansion was secondary to tumorigenesis-related cell proliferation, or whether the somatic instability of repeat length seen commonly in DM, with repeat size increasing with age and at different rates in various tissues, leads to a critical threshold of sequestration of RNA binding proteins, possibly resulting in the upregulation of Wnt/b-catenin signaling in a tissue specific manner.
Conclusions and future directions
The study of familial clustering of cancer and multiple congenital anomalies has identified multiple cancer susceptibility genes and helped to define the pathogenesis of both hereditary and non-hereditary cancers. Despite the non-quantitative nature of the data available to date, the In the absence of Wnt signaling, the cytoplasmic degradation complex of APC, GSK3b, CKI, and b-catenin forms leading to the phosphorylation of b-catenin, ultimately leading to its ubiquitination and its degradation in the proteasome. Somatic b-catenin mutations have been seen in pilomatricomas as well as other tumors associated with DM. Germline APC mutations result in Gardner syndrome. Germline CREBBP and p300 mutations result in Rubinstein-Taybi syndrome. We believe that the association between DM and pilomatricomas, as well as the other tumors that have been reported in these patients involves the upregulation of b-catenin via the Wnt signaling pathway, possibly via the actions of CUGBP or MBNL frequency, unusual types of tumors reported, and early age of tumor onset in DM patients are suggestive of a genetic mechanism. The apparent excess of pilomatricoma is the strongest candidate for a genuine relationship between DM and a risk of developing neoplasia. This observation led to our hypothesis that dysregulation of the Wnt/b-catenin signaling pathway may be the molecular basis for this relationship. This pathway has not only been implicated in the development of sporadic pilomatricomas and several other neoplasms reported in DM patients, but also in GS and RTS, both disorders characterized by an increased risk of pilomatricoma and multiple other tumors. A thorough, quantitative analysis of DM patients enrolled in the DM Registry, and population-based studies to quantify the risks of the various tumors found in DM1 and DM2 patients, are currently underway.
Various molecular mechanisms thought to be of importance in determining the classical DM phenotype have been shown to have links to previously-described oncogenic pathways. One or more of these may have a role in the pathogenesis of tumor development in DM patients, by dysregulation of a critical pathway in a tissue specific, time-dependent manner. Further defining these mechanisms may also help to explain any differences in tumor development that may occur between DM1 and DM2 patients. Additional systematic molecular and genetic studies of tumors arising in DM patients are needed to provide further insight into both tumorigenesis and the mechanism for genetic instability in DM, as well as influencing the medical management of these patients.
